Introduction
Terahertz (THz) rays are located in the spectral region ∼ 0.1-10 THz (∼ 3m m-3 0µm, 3 cm −1 -300 cm −1 ) between the microwave and the infrared portion of the electromagnetic spectrum. Detection and emission of terahertz radiation bears great potential in medical diagnostics, product quality control and security screening. The attractive features of THz radiation for applications are: (i) They are transmitted by cloths and most packaging materials such as paper or plastics (ii) Many substances have "fingerprint" spectra in the THz range (iii) Due to its low photon energy (about one million times less than X-rays), THz radiation is non-ionizing and therefore not dangerous for human beings. These properties make THz systems a promising tool for different types of applications wherever detection and identification of hidden threats is the task and when human beings are to be scanned. When T-rays strike an object some of the rays pass through and others bounce back. A detector can measure the time it takes for rays to bounce back from different layers of an object. From that information, computers can produce a three dimensional image of the objects internal structure. The detectors can also identify the color shift of the reflecting rays. Every chemical and material has a unique color signature (fingerprint), so THz systems can determine not just what an object looks like, but what it's made of. THz rays may have dozens of practical applications, from medical imaging to wireless communications (Tonouchi, 2007) . New terahertz system for scanning mails is under trial in Japan (Hoshina et al., 2009 ). Kawase et al. has demonstrated non-destructive terahertz imaging of illicit drugs (Kawase et al., 2003) . An excellent review highlighting the importance of terahertz range in different types of applications from astronomy to spectroscopy can be found in Siegel (Siegel, 2002) and references in.
Terahertz detectors that rely on quantum transitions require cryogenic temperatures, since the thermal energy (k B T) needs to be smaller than the quantum transition energy (1 THz∼4 meV∼50 K) to avoid thermal saturation. Development of new detectors that can operate at room temperature is of big interest for terahertz technology. Dipole photoconductive antennas were developed first and are nowadays widely used in terahertz spectroscopy system for both detection and emission of terahertz pulses (Cheville, 2008; Hoffmann & Fülöp, 2011; Smith et al., 1988) . The photoconductive antenna consists of a semiconductor material (GaAs, Low temperature-grown GaAs or silicon on saphire SOS) with a short carrier lifetime and an electrode structure with a gap of 10 µm. The electrode are biased to a voltage of the order of 10-50 V, resulting in high electric field strength (few KV cm −1 ) across the switch. When the laser pulse hits the biased gap, free carriers are generated, and subsequently accelerated by the electric field. The rapid change in polarization induced by the ultrafast accelerations of the carriers generates a sub-picosecond electromagnetic pulse that partially propagates along the electrodes and, partially, is emitted to free space. The same physical phenomena is used to detect terahertz pulses using photoconductively gated antennas. The antenna is gated on and off by the optical pulse. Only when the laser pulse generates carriers the current flows in the direction of the THz electric field. The electric field of the terahertz wave can be measured as a function of time by scanning the time delay between the narrow gate laser pulse and the THz pulse.
Oscillations of the plasma waves in the channel of sub-micron transistors is one of promising tools for detection of terahertz radiations at room temperature. They present many advantages: low cost, small size, room temperature operation, and tuning of the resonant frequency by the gate voltage. The interest in the applications of plasma wave devices in the THz range started at the beginning of 90's with a pioneering theoretical work of who predicted that nonlinear properties of the two-dimensional (2D) plasma in the sub-micron transistor channel can be used for detection of THz radiation. Experimental investigations has been then conducted on different types of transistors demonstrating their capabilities for detection of terahertz radiation. Resonant detection from GaAs/AlGaAs FETs 1 was first reported by at 8 K. Later, they reported on room temperature non-resonant detection (Knap, Kachorovskii, Deng, Rumyantsev, Lü, Gaska, Shur, Simin, Hu, Asif Khan, Saylor & C. Brunel, 2002) . In 2004, it was demonstrated for the first time room temperature non resonant detection from silicon field-effect transistors (Knap et al., 2004) where the responsivity was estimated at around 200 V/W and the Noise Equivalent Power (NEP) at around 1 pW/ √ Hz Tauk et al., 2006) . THz imaging based on CMOS technology has been reported by different groups (Öjefors et al., 2009; Schuster et al., 2011) . Recently, a responsivity of 80 KV/W and a NEP of 300 pW/ √ Hz were reported using an array of Si-MOSFET processed by 0.25 µm CMOS technology as well as imaging at 0.65 THz .
Here, we report on the detection of terahertz radiation by strained Si/Si 0.6 Ge 0.4 n-MODFETs transistors. In the second section, we introduce the plasma wave oscillation under the theory of Dyakonov and Shur and we discuss both resonant and nonresonant detection cases. The third section describes the strained silicon devices and in the fourth one we present and discuss the observed resonant and non resonant detection from our devices and we explain these detections as due to the oscillations of the plasma waves in the channel. The last section shows the capabilities of those devices in real applications where terahertz imaging using the strained Silicon devices are presented. All those results demonstrate the ability of plasma wave devices to be used in applications whenever detection of THz (0.1-10 THz) radiation is needed.
Principle of detection of terahertz radiation
When the electron plasma in the channel of a field-effect transistor is excited by an external electromagnetic radiation the induced ac electric field can be converted into measurable dc voltage (signal) via a nonlinear conversion mechanism. This signal has a resonant dependence on the incoming radiation with maxima at the plasma oscillation frequency, ω 0 and its odd harmonics Dyakonov & Shur (1995; 2001) 
L is the gate length, and s the plasma waves velocity which depends on the carrier density in the channel n s , and on the gate-to-channel capacitance per unit area C :
where e is the absolute value of the electron charge and m is the electron effective mass. The surface carrier concentration (n s ) in the channel is related to the gate-to-channel voltage swing or overdrive voltage (U 0 ) by (Dyakonov & Shur, 2001) :
Here U 0 = U g − U th , U g is the gate-to-channel voltage, and U th is the threshold voltage at which the channel is completely depleted. Note that Eq. 3 is valid as long as the scale of the spacial variation of U(x) is larger than the gate-to-channel separation (the gradual channel approximation). From Eqs. 1, 2, and 3, the fundamental plasma frequency can then be roughly expressed by the relation:
This relation lead to two important consequences: (i) a submicron FET can operate as a terahertz detector (ii) the resonant frequency can be tuned by the gate bias.
The equations describing the 2D plasmon are the relationship between the surface carrier concentration and the swing voltage (Eq. 3), the equation of motion (Eq. 5), and the continuity equation (Eq. 6). The equation of motion (the Euler equation) is given by (Dyakonov & Shur, 2001) :
where ∂U 0 /∂x is the longitudinal electric field in the channel, v(x, t) is the local electron velocity, the last term is the viscosity and accounts for electronic collisions with phonons and/or impurities, and τ is the relaxation time. Equation 5 has to be solved together with the continuity equation which can be written as:
According to 2001) , the solution of those equations under the boundary conditions of common-source/open-drain is given by:
where ∆U is the source-to-drain voltage induced by the incoming radiation which is approximated by U a cos(ωt) and:
Here
Equations 7 and 8 describe the response of the device as a THz detector for any frequency and gate length. The function f (ω) depends on two dimensionless parameters: ωτ and sτ/L. Figure 1 shows f (ω) as a function of ωτ for different values of sτ/L. When ωτ ≫ 1 and for submicron devices, such that sτ/L ≫ 1, f (ω) exhibit sharp resonances at the fundamental frequency and its odd harmonics ( Fig. 1(a) and (b)). In this case the damping of the plasma waves excited by incoming radiation is small and the device exhibits a resonance detection mode. However, when ωτ 1, the plasma oscillations are overdamped. For a long device, the oscillations excited at the source by the incoming radiation do not reach the drain because of the damping. The boundary conditions at the drain are irrelevant in this case, and the response does not depend on L. As it can be seen in Fig. 1(c) and (d) , f (ω) changes from f = 1 for ωτ 1t o f = 3 for ωτ ≫ 1, where we also see how at very small values of ωτ the condition of a long sample is violated and f tends to zero. In both cases, a long channel acts as a broadband detector of electromagnetic radiation. Underdamped ωτ ≫ 1 or overdamped ωτ 1 plasma waves decay near the source end of the channel, leading to a dc voltage induced between drain and source. concentration in the virtual substrate was x Ge = 0.45. The device had a 8 nm tensile strained (in terms of biaxial deformation) Si channel sandwiched between two heavily doped SiGe electron supply layers to generate a high carrier density in the strained-Si quantum well (Rumyantsev et al., 2008) . The ohmic contacts were not self-aligned. Two transistors were measured with different gate lengths (150 nm and 250 nm). The gate width and the source-to-drain length are 30 µm and 1µm respectively. Figure 2 shows an image of three devices with (50 nm, 150 nm, and 250 nm) gate length with common drain and different source pads.
Devices description

Results and discussion
Resonant detection
Figure 3(a) shows the photoresponse signal as a function of the gate bias for strained Silicon transistor excited with electromagnetic radiation at 323 and 360 GHz. The gate length is 250 nm and the measurement was performed at 4 K. A clear shift of the response's peak to higher gate voltage values with the frequency of the excitation was observed. The square and triangle symbols in Fig. 3(b) mark the maximum of signals at 363 and 323 GHz respectively. According to Eq. 4, the resonant frequency as a function of the voltage swing is plotted for Lg=230nm Fig. 3(b) and the observed displacement towards higher values of the gate voltage is in good agreement with Dyakonov-Shur prediction. In the presence of a magnetic field, Eq. 7 can be written in the following form (Lifshits & Dyakonov, 2009) :
where β = ω c ω (ω c and ω are the cyclotron resonance and the incoming radiation frequency respectively) is a normalized cyclotron resonance. Dependence of the photoresponse on the magnetic field and the radiation frequency is described by the functions f (β) and g(β):
The γ factor is an oscillating function of the magnetic field and the electron concentration that can be correlated with the Shubnikov de Haas oscillations. The second term in the right-hand side of Eq. 12, proportional to dγ/dn, is an oscillating function of the gate voltage and the magnetic field. The derivative in Eq. 12 induces a shift of π/2 between the SdH oscillations and the photoresponse. This result has been previously observed on InGaAs FETs (Klimenko et al., 2010) and here we report the same phenomenon on Si/SiGe MODFET (Fig. 4) for the first time. 
Non resonant detection
The devices were excited at room temperature by a terahertz wave parametric oscillator (TPO) pulsed laser at 1.5 THz (Minamide et al., 2009 ). The TPO system consists of three mirrors and a MgO:LiNbO 3 crystal under non-collinear phase-matching conditions. It can emit monochromatic THz-waves over a wide tunable frequency range from 0.4 THz to 2.8 THz with a narrow line-width lower than 100 MHz. The output power of the laser was 6 nJ/pulse for the range 1.3-1.6 THz and the repetition rate was 500 Hz. The radiation was coupled to the dice via the metallization pads. The source terminal was grounded. The radiation intensity was modulated by a mechanical chopper at 1.29 KHz and the induced photoresponse signal is measured by using the lock-in amplifier technique (Fig. 5) . A wire grid polarizer was used to polarize the light in parallel with the channel. The principle of operation is as follows: when the device is excited by an external electromagnetic radiation the induced ac electric fields can be converted into a measurable dc signal via a nonlinear conversion mechanism. This will be referred hereafter as the photoresponse signal. Figure 6 shows the photoresponse signal as a function of the gate bias for two devices with different gate lengths (L G =150 and 250 nm) excited by 1.5 THz radiation at room temperature (Meziani et al., 2011) . The signal is presented for different drain currents: 20, 50 and 100 µA. The intensity increases with the drain current as predicted by the theory (Veksler et al., 2006) and a maximum is observed around the threshold voltage. The same behavior has been recently reported by Elkhatib et al. (2011) demonstrating that the response signal linearly increases with the drain current (or drain-to-source voltage) and the responsivity might reach high values within the saturation regime. The observed signal intensity is low because no parabolic mirror was used to focus the beam and also, as reported in Rumyantsev et al. (2008) , the response intensity at terahertz frequencies (over 1 THz) is considerably smaller than at sub-terahertz ones (below 1 THz). The responsivity was estimated to be 20 V/J/Pulse at I DS = 100 µA. A non-resonant response has been reported for Si-FET Knap et al. (2004) and it was related to a low value of the quality factor i.e. low carrier mobility in the device. The quality factor was found to be around 1.2 for µ=1355 cm 2 /V.s and for f =1.5 THz. Rumyantsev et al. (2008) obtained on similar devices a maximum value of the photoresponse signal when the beam focus was away from the transistor. This is a proof of low coupling of the THz radiation to the device. To increase the efficiency toward high non-resonant signal and possible resonant detection, new designs are under consideration: array of transistors, devices with larger pads, and grating devices Popov et al. (2011a) .
Terahertz imaging
First, a strained Silicon MODFET transistor with a gate length of 50 nm was subjected at room temperature to electromagnetic radiation at 292 GHz from a Gunn diode (Fig. 5 ). Figure 7 shows the photoresponse signal as a function of the gate bias. A maximum signal is observed around the threshold voltage (∼− 0.84V). This behavior has been reported earlier (Knap et al., 2004; Rumyantsev et al., 2008) and explained as non-resonant detection. However, the signal to noise ratio shown here is high enough to allow the use of this devices for different applications like terahertz imaging. The noise equivalent power of this device is estimated around 1 pW/ √ Hz in the same order of CMOS devices. Subsequently, the device was used as a detector in a terahertz imaging system. Figure 8 describes schematically the terahertz imaging system. A Gunn diode was used as a source of terahertz radiation with f = 292 GHz. The radiation is collimated and focused by off-axis parabolic mirrors and a visible red LED in combination with an indium tin oxide (ITO) mirror are used for the alignment of the THz beam. The incident THz light is mechanically chopped at 333 Hz and the photo-induced drain-to-source voltage ∆U is measured using a lock-in technique. All measurements were done at room temperature. More information about the THz imaging system can be found in Schuster et al. (2011) . The gate bias (V g ) was fixed at a value close to the threshold voltage to obtain optimum signal for imaging and high values of the signal to noise ratio. Figure 9 shows both visible (left) and terahertz image (right) of a box with a hidden mirror inside. The resolution of the image is 17500 pixels within x axis and of 120000 pixels within y axis. Terahertz image of a VISA card is also shown in Fig. 10 . The resolution of the terahertz image is 23000x110000 pixels in XxY axis. Those images demonstrate the capability of such devices in compact terahertz imaging systems and that they could play an important role in other THz applications. Those systems are inexpensive, compact, operate at room temperature and can be monolithically integrated along with Si-circuitry. 
Future directions
Increasing the responsivity and the noise equivalent power are the main goals to improve the performance of the next generation of plasma wave THz detectors. This may be achieved by using new materials (like Graphene) and also by using new designs for a better coupling of the terahertz radiation into the transistor. Recently, different groups have reported record values of the NEP from different well designed devices. High responsivity (200 V/W) and low noise equivalent power (1 pW/ √ Hz) were observed from a Si-MOSFETs with different gate lengths (120 and 300 nm), Tauk et al. (2006) . Terahertz imaging based on CMOS technology has been recently reported by different groups: Lisauskas et al. (2009); Schuster et al. (2011; . A 3x5 Si MOSFET focal-plane array processed using conventional 0.25 µm CMOS technology was used by Lisauskas et al. (2009) of 300 pW/ √ Hz was obtained. Recently, terahertz imaging was performed using a nMOS field effect transistor with an integrated bow-tie coupling antenna with a responsivity above 5 kV/W and a noise equivalent power below 10 pW/ √ Hz, Schuster et al. (2011) . Asymmetric doubly interdigitated grating gates structures with theoretical values of the responsivity in excess of 5 KV/W are under consideration (Otsuji et al., 3 December 2010; Popov et al., 2011b) . Recently, a responsitivity up to 2.2 KV/W at 1 THz has been reported by using asymetric grating gate structures Otsuji (November 2011).
Conclusion
We demonstrated the capability of submicron Strained Si/Si 0.6 Ge 0.4 n-MODFETs transistors for the detection of terahertz radiation. Resonant detection has been observed at low temperature and related to the plasma oscillations in the channel. A broadband (non resonant) detection has also been reported using the devices under continuous and pulsed excitation. We have shown the capabilities of those transistors in real terahertz imaging at room temperature. We believe that strained-Si transistors could play an important role in different terahertz applications in the near future.
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